Synthetic Vision Systems and Enhanced Flight Vision System (SVS/EFVS) technologies have the potential to provide additional margins of safety for aircrew performance and enable operational improvements for low visibility operations in the terminal area environment. Simulation and flight tests were jointly sponsored by NASA's Aviation Safety Program, Vehicle Systems Safety Technology project and the Federal Aviation Administration (FAA) to evaluate potential safety and operational benefits of SVS/EFVS technologies in low visibility Next Generation Air Transportation System (NextGen) operations. The flight tests were conducted by a team of Honeywell, Gulfstream Aerospace Corporation and NASA personnel with the goal of obtaining pilot-in-the-loop test data for flight validation, verification, and demonstration of selected SVS/EFVS operational and system-level performance capabilities.
INTRODUCTION
The U.S. air transportation system is undergoing a transformation to accommodate the movement of large numbers of people and goods in a safe, efficient, and reliable manner. 1 One of the key capabilities envisioned to achieve this Next Generation Air Transportation System (NextGen) is the concept of equivalent visual operations (EVO). EVO is the capability to achieve the safety of current-day Visual Flight Rules (VFR) operations and maintain the operational tempos of VFR irrespective of the weather and visibility conditions. One research challenge for EVO is the definition of required equipage on the aircraft and at the airport. With today's equipment and regulations, significant investment is required in on-board equipment for navigation, surveillance, and flight control and on the airport for precision guidance systems and approach lighting systems for "all-weather" landing capability. 2 The levels of equipment redundancy, capability, maintenance, performance, and crew training dramatically increase as landing visibility minima decrease. Synthetic Vision Systems and Enhanced Flight Vision Systems (SVS/EFVS) offer a means of providing EVO capability with significant economic advantages to the operator yet without significant airport infrastructure investment while potentially increasing efficiency and throughput during low visibility operations.
Current EFVS rules/operations
In 2004, Chapter 14 of the Code of Federal Regulations (CFR) Section §91.175 was amended such that operators with approved EFVS equipment that are conducting straight-in instrument approach procedures may now operate below the published Decision Altitude (DA), Decision Height (DH), or Minimum Descent Altitude (MDA) when using an approved EFVS shown on the pilot's HUD. The key concept under the revisions to §91.175 is that an EFVS can be used in lieu of the required natural vision from the DA/DH/MDA to 100 feet (ft) height above the touchdown (HAT) zone elevation. At the 100 ft HAT, pilots must have sufficient natural vision as required by the instrument approach procedure and to identify the required landing visual references to continue the approach. In addition, FAA Advisory Circular AC 20-167 3 provides guidance on certification and installation of EFVS, and FAA Advisory Circular AC 90-106 4 provides guidance for obtaining operational approval to use EFVS in lieu of natural vision to descend below DA/DH or MDA.
Proposed EFVS operations changes
The FAA started a rulemaking project to expand operational credit for EFVS beyond what is currently authorized by the regulations (under 14 CFR § 91.175). 5, 6 RTCA DO-315A 7 was drafted to establish performance standards in concert with this rulemaking project. Minimum system performance standards are now published for EFVS operations through the approach to touchdown in visibility as low as 1000 ft runway visual range (RVR) by use of an approved EFVS in lieu of natural vision. Simply stated, (in DO-315A 7 ) the visual segment of the approach can now be accomplished by using either enhanced flight visibility or natural vision. Enhanced flight visibility is defined in the Federal Aviation Regulations (FARs) as "the average forward horizontal distance, from the cockpit of an aircraft in flight, at which prominent topographical objects may be clearly distinguished and identified by day or night by a pilot using an enhanced flight vision system." Past NASA research 8 supports the viability of this expanded EFVS visual segment where it was shown that using an EFVS to hand fly approaches to touchdown resulted in excellent localizer tracking performance (less than 1/3 dot localizer deviation between 300 ft and 100 ft HAT) and an improvement in glideslope tracking performance.
On June 11, 2013 , the FAA published a Notice of Proposed Rulemaking (NPRM), FAA-2013-0485 Notice Number 1209, to permit operators to use an EFVS in lieu of natural vision to continue descending from 100 ft HAT through touchdown and rollout on certain straight-in instrument approaches in visibilities as low as 1000 RVR. 9 The rule would also permit certain EFVS operators to dispatch, release, or takeoff under instrument flight rules and initiate and continue an approach, when the destination airport weather is below authorized visibility minimums for the runway of intended landing. The NPRM includes pilot training, flight experience, and proficiency requirements for operators who use EFVS in lieu of natural vision to descend below DA, DH or MDA and revisions for the pilot compartment view certification requirements for all vision systems.
SVS/EFVS flight test
Simulation 10 and flight test 11 experiments were conducted as part of a formal collaboration between NASA Langley Research Center (LaRC) and the FAA under an Interagency Agreement (IA) to support the introduction and use of SVS/EFVS advanced cockpit vision technologies in NextGen operations. This work builds from and extends the current operational use and certification of existing SVS/EFVS technologies toward all-weather, low visibility operations for NextGen.
Of particular note, an SVS/EFVS flight test 11 was conducted, in partnership with Honeywell and Gulfstream, to evaluate:
1. Operational feasibility, pilot workload, and pilot acceptability of conducting a straight-in instrument approach with published vertical guidance using EFVS during approach, landing, roll-out, and runway exit in visibility of 1000 ft RVR.
2. Operational feasibility, pilot workload, and pilot acceptability of conducting an instrument landing system approach to a 150 ft Decision Height (DH) using SVS followed by a transition to natural out-the-window (OTW) visual cues for landing with the visibility as low as 1400 ft RVR.
The focus of this paper is to attempt to quantify the visual advantage (or increase in forward visual range) afforded to a pilot using an imaging sensor (EFVS/FLIR) compared to natural vision while making approaches in low visibility operating conditions with varying weather obscurants and sky cover. As such, only the EFVS flight trials were considered. arameters were including path n, distance fro video were re f a quad arran ght picture), an Quad Ca 
Evaluation pilots
Six Evaluation Pilots (EPs) participated in the flight evaluations and represented a diverse mix of experience.
The EPs met the following experience criteria:
• Each pilot held an Airline Transport Pilot rating • Each pilot had significant HUD experience, having flown at least 100 hrs of HUD, pilot-in-command operations.
• Each pilot was type-rated in a Gulfstream G-IV, G-V, and G450, G550, or G650 aircraft and had EFVS qualifications and EFVS operational experience. Total time in the Gulfstream aircraft was greater than 200 hrs.
The average experience of the EPs was 9100 hours of flight time with an average of 28 years of flying. Most of the EPs flew on multiple evaluation flights.
Procedures
All EFVS testing was flown with the EP occupying the left seat using the HUD, a Gulfstream Safety Pilot (SP) occupying the right seat, and an additional Safety Observer (SO) occupying the center jump seat. EFVS test operations were conducted under an FAA waiver to the current Title 14 of the CFR §91.175 allowing these test flights (i.e., in an operation that is not currently approved). This waiver allowed the use of EFVS or natural vision to see the required visual references, as to continue descent below the DA/DH through landing. Safety procedures required that the SP have positive visual acquisition of the required landing references by 50 ft above touchdown elevation.
The EPs flew straight-in instrument approaches adhering to published approach procedures (other than the waivered minimums) to the runway. All approaches were flown with the EP manually flying the aircraft below 1000 ft above ground level to a landing. The initial approach procedure was often flown with the auto-pilot engaged, following the approach procedure. Auto-throttles were used for all approaches. Detailed call-out procedures for both the EP and SP were utilized for all approaches ensuring safety throughout the approach and providing clear evidence of the acquisition of the required approach and landing visual references as per §91.175.
Test operations
All test flights originated at the Savannah/Hilton Head International Airport (KSAV) which is the location of the Gulfstream manufacturing and flight test facilities. Table 1 lists all of the airports and runways utilized in the flight test operations.
The test locations were determined in near real-time using weather operations support and from Automated Surface Observing System (ASOS) and Automated Terminal Information Services (ATIS) reports while in route to the target area to locate low visibility conditions. The actual operating conditions obviously changed from these targets until the aircraft arrived on station, and they varied as approach and landing operations were conducted.
Test conditions -weather
For EFVS operations the target visibility was 1000 ft RVR to 1/4 statute mile (SM) with a ceiling of 100 feet. The exact desired weather conditions for the test were achieved on several occasions. Over the course of multiple approaches, the visibility and ceiling naturally varied at each airport, giving a nice range of data on either side of the target conditions. A sampling of weather conditions for data collection at the different airports is shown in Table 1 . There were 107 approaches flown, 80 were EFVS approaches (75%) and 27 were SVS approaches (25%). Only the EFVS approaches are applicable to the evaluation of visual advantage which is the focus of this paper. Out of the 80 EFVS approaches, seven were culled out of the data analysis for various extraneous reasons such as: Approach Lightning System (ALS) automatically turning off, or EP mistakenly left autopilot on during much of the approach, etc. These events were anomalous and caused significant deviations from our nominal operation and therefore, were not representative of the other approaches.
Of the 73 useable EFVS approach evaluations, 53 (73%) resulted in a touchdown and 20 (27%) resulted in missed approach. Eight of the EFVS approaches were to an offset runway (KBGM). The 20 missed EFVS approaches were all conducted safely with the go-around decision correctly determined based on conditions. Both touchdown and missed approach runs were analyzed in this paper. 
Determination of forward horizontal visible distance from cockpit
Snapshots of flight test video were taken from the quad camera DVR recordings ( Figure 3 , left picture) and EFVS DVR recordings ( Figure 2 , right picture) at the Decision Altitude (DA), 100 feet radar altitude (RA) call out, and as the plane touched down. The 100 ft RA audio callout was used as an approximation of 100 ft HAT due to difficulties in determining 100 ft HAT using the available video playback data. The 100 ft RA audio callout was available on each DVR recording so consistent snapshots could be made among the recordings. The quad camera recording was comprised of the EVS (FLIR) camera, visual (OTW) camera, HUD camera, and a cockpit camera. The snapshots from the quad camera DVR recordings were used to count the lights that approximated what the pilot could see using the FLIR camera and OTW and thus, attempt to quantify the EFVS visual advantage. The snapshots from the EFVS DVR recordings were used to estimate the distance to the first visible light at DA and 100 ft RA. (Figure 4 , bottom left camera). This would count as three lights visible OTW, compared to the six seen through the EVS. The runway edge lights are 200 feet apart. The touchdown lights and visual approach slope indicator (VASI) lights were used if needed to order to estimate runway edge lights that were further down the runway. The VASI lights are normally 1000 feet beyond the runway threshold. The touchdown zone lights, if equipped, extend 3,000 feet down the runway and are placed at 100 foot increments.
In most cases, at the DA, the MALSR (Medium-intensity Approach Lighting System with Runway Alignment Indicator Lights) approach lighting system produced the only visible lights. MALSRs consist of nine light bars and five flashing lights spaced every 200 feet as you approach the runway. These lights, in addition to any visible runway edge lights, were counted and recorded.
The altitude readout in the HUD camera image (Figure 3 , left picture upper right quadrant) was used to determine when the aircraft was crossing the DA, and the radar altimeter was used to determine when the aircraft had touched down. The HUD camera was not synchronized with the HUD projector, and this occasionally caused the HUD camera image to fade in and out. (The HUD projector image which was presented to the EP during EFVS runs was steady and did not fade in and out.) Snapshots were not taken for runs where the HUD camera image was unavailable at the DA or touchdown. As a result, there were not an equivalent number of snapshots taken at the DA, 100 ft RA, and touchdown points due to this synchronization issue.
The number of visible lights was used to calculate the forward horizontal distance from the cockpit that was visible to the pilot through the EFVS and OTW. Since all counted lights were recorded as being 200 feet apart, the number of lights was multiplied by 200 and recorded as being the forward horizontal visible distance. This procedure assumed that the aircraft was 200 feet from the first light.
Since this assumption isn't always the case, the distance to the first light was estimated. The look-down angle from the horizon line to the first visible light (referred to as ξ in the figure below) was estimated using the pitch ladder from the snapshots taken from the EFVS DVR recordings (Figure 2, right picture) . This measurement was done at the DA and at 100 feet RA. Overall, this provided a better estimate of how far down the runway the pilot could see. 
Determination of reported visibility, obstruction, and sky cover
If the reported RVR was available, then RVR was used as reported visibility for this analysis. If reported visibility in statute miles was the only visibility available then it was converted from miles to feet and recorded for reported visibility. It should be remembered that reported visibility does not necessarily represent the actual visibility that the pilot might experience coming into an approach.
Meteorological Terminal Aviation Routine Weather Report (METAR) data was also recorded for each approach performed during the flight test. A METAR historical record (http://www.ogimet.com/metars.phtml.en) and METAR translator (http://www.iflightplanner.com/Resources/MetarTafTranslator.aspx) were used to record this data. The reported obstruction and sky cover were provided in the METAR data. Obstructions that were reported during the EFVS flight test runs included fog, mist, drizzle fog, and frozen fog. Reported sky cover included overcast and broken sky cover.
RESULTS
Visual advantage is defined as an increase in average forward horizontal distance from the cockpit of an aircraft provided by an imaging sensor, such as FLIR, over that provided by natural vision.
Two metrics, the visual advantage difference and the visual advantage factor, were used to quantify any increase in forward horizontal visible distance by EFVS over natural vision. The visual advantage difference was calculated by subtracting the mean EFVS visual distance by the mean OTW visible distance. A positive value of this metric indicates visual advantage by the EFVS (FLIR sensor) over natural vision. The visual advantage factor was calculated by dividing the mean distance visible through the EFVS by the mean distance visible OTW. Note that if there were no lights visible OTW, then the visual advantage factor could not be calculated.
The forward horizontal visible distance was quantified by calculating the horizontal visual distance from the pilot's eye to the first light, using the look down angle, and adding to this the number of counted visible runway edge lights, excluding the first visible light, and multiplying by 200, the distance between runway edge lights. The weighted average ξ of the visual distance was calculated at the decision altitude, 100 ft radar altitude, and touchdown. The weighted average takes into consideration the number of approaches used to calculate the visual distance. Table 2 provides the visual advantage difference, the visual advantage factor (if calculable) and the number of approaches flown at each reported visibility level at three distinct points on the approach (DA, 100 ft RA, and touchdown). Also provided in this table are the weighted averages for the two visual advantage metrics at the 3 distinct approach points. Figure 9 . Box plot of forward horizontal visible distance at reported visibilities at touchdown. Table 4 provides the visual advantage metrics and number of approaches flown within each obscurant type at three distinct points on the approach (DA, 100 ft RA, and touchdown). Table 4 also provides the weighted averages for the two visual advantage metrics at the three distinct approach points. Under all reported obscurants, including mist, fog, drizzle fog, and frozen fog, the forward horizontal visible distance provided by the EFVS was greater than that provided by natural vision at the decision altitude, 100 feet RA, and touchdown o decision altit EFVS (Figur and obscuran factor metric than that pro EFVS provid when flying specifically r and provides Figure 10 As noted in where the va approaches a points, but t Similarly, fo lights visible approaches w forward horiz of each flight. W tude, but the pi re 10). This dis nt ( Table 5 provides the visual advantage metrics and number of approaches flown within each sky cover type at three distinct points on the approach (DA, 100 ft RA, and touchdown). Table 5 also provides the weighted averages for the two visual advantage metrics at the three distinct approach points. Two different types of sky cover were reported during the flight test, overcast and broken. The majority of approaches (89%) were flown under overcast conditions. Under these two sky covers, the average forward horizontal visible distance provided by the EFVS was greater than that provided by natural vision at the DA, 100 ft RA, and TD approach points ( Figure 11 ). On average, the EFVS provided visual distances 1.2 to 2.8 times greater than natural vision when flown in broken and overcast conditions, respectively. The visual advantage difference ranged from 83 to 1484 feet with weighted averages between 629 and 1403 ft. The visual advantage factor ranged from 1.1 to 3.4, with weighted averages between 2.0 and 3.1 (see Table 5 ). Again, both metrics indicate that an increase in forward horizontal visible range was provided by the EFVS compared to natural vision under two different types of sky cover. Figure 11 
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Caveats
The results generally show a visual advantage of EFVS over natural vision. These results correlate well with the operational advantage identified by the evaluation pilots in the flight test. 11 This advantage was quantified using postflight video analysis. In doing this analysis, several caveats or considerations must be considered in the universal applicability or general validity of the method. Significant differences between this post-flight analysis method and realtime flight operations include the factors: a) the resolution and dynamic range of the video cameras and recording devices used to capture the data; b) the monitors to view the recorded data; c) the imaging differences between the EFVS raw data video used in the analysis and the EFVS video as shown on the HUD for the EP; d) the imaging differences between the raw data OTW video used in our analysis and the pilot's view through the windows for the EP e) Field of view, position, and alignment of the respective cameras By design of the G450 test vehicle, the EFVS cameras and OTW video camera had very similar field-of-view, positioning, and alignment so good comparison was afforded for this factor. Calibration methods would be necessary to verify the other factors; these were not conducted.
The most dramatic differences between the methods, however, is intrinsic: a post-flight, full attention, frame-by-frame examination of video data by an analyst versus a real-time flying operation performed by a pilot flying in very low visibility conditions. This is not the 'final' word on EFVS visual advantage, and past performance is not necessarily a reliable indicator for future results. In particular, the performance of the EFVS is highly dependent upon the atmospheric conditions, among other factors. The visual advantage does demonstrate, however, the significant improvement that the EFVS II system installed in the G450 provided during this flight test.
SUMMARY
A team of Honeywell, Gulfstream Aerospace Corporation, and NASA personnel conducted a flight test with the goal of obtaining pilot-in-the-loop test data for flight validation, verification, and demonstration of selected SVS and EFVS operational and system-level performance capabilities in actual very low visibility conditions. Nine test flights (38 flight hours) were conducted over the summer and fall of 2011. The evaluations were flown in Gulfstream's G450 flight test aircraft outfitted with the certified SVS and EFVS technology. Evaluation pilots flew 108 approaches in low visibility weather conditions (as low as 600 ft visibility) into various airports from Louisiana to Maine.
Video from 73 EFVS approaches were reviewed at decision altitude, 100 ft radar altitude, and touchdown approach points to determine if EFVS imagery provided average forward horizontal visible distance increases over that of natural vision -a visual advantage. Pilots flew approaches in low visibility weather conditions (600 to 3600 ft reported visibility with ceilings between 100 and 500 ft) under different obscurants (mist, fog, drizzle fog, frozen fog) and sky cover (broken, overcast).
Weighted average results indicate the EFVS (FLIR imagery on a HUD) provided increases in average forward horizontal visual distance from the cockpit (visual advantage) of two to three times over that of the out-the-window (OTW) view for the pilot flying. The EFVS allowed pilots to view the runway environment, specifically runway lights, before they would be able to OTW with natural vision. The visual advantage afforded by the EFVS over natural vision provides operational data that supports proposed rulemaking where EFVS could be used continuously throughout the approach, landing, and roll-out in visibilities as low as 1000 ft RVR in lieu of natural vision.
The performance of the EFVS sensor was generally outstanding, providing the required visual approach and landing references clearly beyond that of the natural vision. Actual weather flying continually demonstrated and emphasized how non-homogeneous weather conditions can affect EFVS performance. FLIR-based sensor technology used in conjunction with the HUD enabled successful approaches to landings in reported visibility as low as 600 RVR. However, EV sensor technologies (other than FLIR) for improved all-weather operations when the reported visibility is less than 1000 ft RVR are needed. The visual advantage afforded by the EFVS over natural vision allows a pilot to see much more of the approach runway environment (i.e., required visual approach and landing references), increase pilots' situational awareness, and provide more visual cues (e.g., visual momentum, optical flow, etc.) which could aid stabilized approach maintenance for a safer landing. 
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